The activity cycle of muscle can be reproduced in non-living muscle fibers as follows (1). Glycerol-extracted fibers, which originally are in a state of rigor, first are made soft and transparent by a solution containing adenosinetriphosphate (ATP) and M g ions. They are thereby transformed into a state similar to that of normal relaxed muscle. Contraction then is induced by adding small amounts of Ca ions to the solution. Mter washing out the Ca ions the fibers can be made to relax again by ATP and Mg ions.
Technique
Fiber bundles of the rabbit's psoas musde preserved in 50 per cent glycerol at about -1 5 ° were used (2) . On transfer into a 0.16 M KCI solution preparations less than three days old contracted, but shortening was minimized by holding them stretched until active contraction had nearly ceased. The bundles were divided into thin strands, none thicker than 0.1 ram., on a glass plate lying on ice. At least eight of these strands were placed into one bundle. Their ends were tied together by a soft, thick cotton thread so as to form a loop. Before tying a knot the strands, while lying on the thread, were spread out about 2 ram., so that they remained separated after tying and did not form a solid bundle. Two bundles, about 2.6 cm. long, were used in each experiment. They were attached to a stainless steel wire inside a small chamber (1.2 ml.) made of lucite as shown in Fig. 1 . The threads of the two bundles were tied together and connected by a light chain to a tension lever recording on a smoked drum. Except when stated otherwise, the preparations used had been stored in 50 per cent glycerol for 2 to 4 days at -15 °. A constant temperature between 13 and 15 ° was maintained by a water bath.
At the beginning of an experiment the chamber contained 0.16 M KC1. It was emptied and then filled with ATP solution. Samples of 0.08 ml. were taken from the chamber by a pipette at intervals of a few minutes, the first one half a minute after the chamber was filled, and analyzed for phosphate by the Fiske-SubbaRow method using a Beckman speetrophotometer (model DU). The solution in the chamber was 53
continuously, but gently, agitated through a side tube connected to a pump. Immediately before a sample was taken, the solution was thoroughly stirred. Substances were introduced into the chamber during an experiment dissolved in 5 c.mm. water by a pipette. ATP was prepared from commercial Ba salt (Sigma Chemical Co.) as the K-salt. The pyrophosphate solutions were neutralized with HC1. All solutions were buffered with 0.02 ~¢ glycylglycine of pH 6.9. The concentration of ATP, computed on the assumption that only the terminal phosphate is split off, dropped by as much as 40 per cent during an experiment. In the experiments reported here relaxation usually was slower than in those reported previously, largely because the dissection required more time (about 30 minutes). Solutions of ATP prepared from a commercial Ba salt which had been chromatographically purified did not consistently cause relaxation even at high concentrations and also produced only weak contractions. After extracting the Ba salt with acetate buffer (0.2 •, pH 4) in the cold for 1 day this preparation gave the usual results. Not only Ca, but also St, Ba, Mn, and probably other metals cause contraction in relaxed fibers. Impurities in the ATP preparation probably were responsible for the failure to obtain relaxation consistently.
Hasselbach (3) has studied diffusion of ATP into extracted muscle fibers. If the breakdown of ATP is independent of concentration, an assumption which was found to be valid at concentrations above 2.10 -4 ~, the distance r0 from the surface where concentration becomes zero is given by the following equation, derived by Meyerhof and Schulz (4), In the present experimenfs diffusion was facilitated by dividing the preparations into fine strands and by using low temperatures. Because diffusion is much faster in the interspaces than within the fibers (5) and is, therefore, mainly limited by the diana-""~ . At beginning a solution containing 10 mM ATP, 0.15 ~ KCI, 2 mx~ MgCI~, glycylglycine buffer was introduced into chamber; later 1.5 mE CaCI~ was added. After washing out with saline (S) fresh ATP solution of same composition was introduced again. 1.5 mu CaCI~ then caused contraction in one experiment (top), had no effect in other. 14 ° .
eter of the fibers, young rabbits (weighing about 2 kilos) which had relatively thin muscle fibers (average diameter gO to 50 it) were used. Theoretically the error due to insufficient diffusion could be avoided by increasing the outside concentration of ATP. However, at concentrations much above the physiological range, ATP has an inhibitory effect as shown by the fact that diluting the solution causes tension to rise. Although diffusion probably is an important limiting factor, it does not invalidate the results obtained, because it only tends to reduce the observed effects.
This report is based on the final series of 24 experiments. Numerous previous experiments using slightly different techniques gave essentially the same results. KCI, after which the chamber was again filled with fresh ATP solution of the same composition as used before. In one of the experiments this again caused relaxation, which, however, was slower than before. CaCI2 caused another strong contraction and brought tension and enzymatic activity nearly back to the same level as in the first part of the experiment.
In the other experiment, relaxation was slower than in the first one from the start. Here the second immersion into an ATP solution produced a sustained contraction and Ca had no effect on tension and P-liberation. Also in preparations which had been stored in glycerol for a few weeks, ATP caused only a sustained contraction associated with high enzymatic activity which was not influenced by Ca. Aging evidently has an activating effect like that of Ca. P liberation in activated preparations was not maintained at its initial level, but decreased 20 to 30 per cent within about 10 minutes, while tension dropped only slightly. This change was, at least in part, due to the gradual drop in the concentration of ATP.
During the state of relaxation the breakdown of ATP was appreciably higher in the extracted muscle fibers than it is in normal muscle (see below). In an attempt to reproduce normal conditions more closely, it was found that the addition of a small amount of inorganic pyrophosphate (0.2 to 0.4 m~) not only accelerated relaxation but also brought tension and ATPase activity down to a lower level (Fig. 3) . If added after relaxation had been produced by ATP alone, it caused a further drop in "resting" enzymatic activity and a slight drop in tension. Ca still caused a strong contraction indicating that pyrophosphate had no injurious action. If pyrophosphate was added after activation by Ca, it did not diminish tension in the concentration used here. Table I gives the absolute values of P liberation in relaxed and Ca-activated muscle fibers. Only those values of relaxed fibers were included where relaxation was almost complete.
It has been shown previously that the relaxed state can be maintained only in the presence of Mg ions. Their effect was studied in the experiment illustrated in Fig. 4 . A relaxed state was first brought about by an ATP solution containing MgC12. When this solution was replaced by a solution containing the same concentration of ATP but without MgC12, a strong contraction occurred immediately, associated with increased ATPase activity. CaC12 added subsequently gave an additional small response. In the presence of pyrophosphate essentially the same effects were obtained, but Ca produced greater activation.
These observations show clearly that Mg inhibits ATPase activity in relaxed fibers. In preparations, which have been activated by Ca or by aging, however, Mg always caused a further increase in tension. Because Mg was not completely removed, its activating effect in contracted fibers is not fully revealed in our experiments. 
D I S C U S S I O N
The close parallelism between tension and breakdown of ATP confirms the similarity of the activity cycle of extracted muscle fibers with that of living muscle. Quantitatively, however, the agreement is imperfect. Not only is the increase in enzymatic activity in extracted muscle fibers far smaller than must be assumed for living muscle, but also the subsidence of activity generally is too slow. These differences from normal muscle increase with age until finally relaxation can no longer be obtained in the presence of ATP.
The energy release of extracted muscle can be compared with that of normal muscle on the basis of calculations by Mommaerts (6) of the breakdown of ATP. We shall first examine the conditions in relaxed muscle. From oxygen consumption it has been computed that at rest isolated rat diaphragm liberates 5.10-6 ~r p, the dog's gastrocnemlus 10-6 M P per minute per gin. muscle at 37% The resting level of P liberation in extracted fibers was 1.8.10-e~ P per minute per gin. (wet weight) at 13.7 °, which is probably slightly higher than the highest rate for normal muscle if the values are adjusted to the same tempera-ture. Incomplete relaxation does not completely account for this difference because tension dropped far more during relaxation than ATPase activity.
As mentioned before, the addition of pyrophosphate not only accelerated relaxation but also lowered the final rate of ATPase activity and thereby brought about a closer approach to normal conditions. This effect may have physiological significance because pyrophosphate has been recognized as a normal metabolite in many tissues. Phosphocreatine in physiological concentrations promotes relaxation even more than pyrophosphate (7) . Unfortunately its effect on enzymatic activity could not be determined as yet because our method of phosphate determination is not applicable in the presence of phosphocreatine.
Turning now to contracted muscle, Mommaerts (6) computed on the basis of metabolic studies that 1.5 to 2.10 -~ ~ P per gin. per minute is liberated by frog muscle at room temperature, 10 -3 ~ P by mammalian muscle at 37 °. In extracted muscle we found a maximal rate of about 10-6 M P per gm. (wet weight) at 14 ° . Allowing for the difference in temperature our values were at least 10 times lower than those for normal muscle.
Two factors account for this discrepancy. In the first place, the system used in our experiments was incomplete as shown by the observation that addition of phosphocreatine greatly increases the tension produced by an ATP solution (7) . As mentioned before, it is probable, furthermore, that diffusion of ATP is a limiting factor in our experiments. If ATP penetrates into Ca-activated fibers only to a depth of about 10 ~, as suggested by the results of Hasselbach (3), our values of P liberation must be assumed to be less than half of those which would be found under ideal conditions. In suspensions of myofibrils, when diffusion is not a limiting factor, Hasselbach observed a rate of 0.4.10-3 ~ P per gin. protein per minute or about 0.6.10 -4 ~ P per gm. muscle at 20 °. It should be noted that, because ATP breakdown was much smaller, diffusion probably did not severely influence the results obtained for relaxed muscle fibers.
The energy release of normal and extracted muscle fibers can also be compared on the basis of the energy requirement for maintaining tension. According to Hartree and Hill (8) and Ferm and Latchford (9) the frog's sartorius maintains 1 gin. tension by liberating 1 gm, cm. heat per cm. length of muscle per second. This corresponds to the liberation of 1.2 X 10-7 m P per minute on the assumption that liberation of 1 mole P produces 12,000 calories. In our experimeI~ts extracted muscle maintained a tension of about 1500 gm. per cm. ~ cross-section while liberating about 10-~ ~ P per minute per cm. length. This value would be reduced nearly to one-half, if "resting" ATP breakdown were subtracted and if not the high values during the rising phase of contraction, but the lower rates during sustained contraction were used. Without these corrections, I gm. tension was maintained at the cost of about 6.10 -~ m P liberated per minute per cm. length, one-twentieth the value for normal muscle. Although the assumption for computing P liberation from heat production in isolated muscle is subject to some uncertainty, there seems to be no doubt that extracted muscle is much more economical in maintaining tension than normal muscle. To explain this finding it may be mentioned that extracted muscle fibers show a striking viscous resistance to extension like smooth muscle. This property indicates a high degree of intramolecular bonding which slows down the loss of tension and thereby reduces the energy necessary for maintaining tension (10, 11) .
The effect of ions on ATPase activity has been previously studied by many investigators using extracted actomyosin and suspensions of myofibrils (for review see reference 12). In these preparations the action of Ca and Mg depends on the concentration of added KC1. At low salt concentrations Mg activates while Ca has little or no effect, a behavior like that of aged extracted muscle fibers in which ATP does not cause relaxation. At high salt concentrations (0.5 • or higher), in which actomyosin tends to dissociate, on the other hand, Ca causes a much stronger activation than Mg. Particularly striking are the observations of Banga and Szent Gy/~rgyi (13) and of Hasselbach (14) who found that the enzymatic activity of actomyosin dissolved in a strong KC1 solution is inhibited by Mg. Such solutions, in which actomyosin is completely dissociated into actin and myosin, behave like actin-free myosin solutions. The enzymatic activity of actomyosin, therefore, depends on its state of dissociation, as pointed out by Szent-Gy6rgyi (15) . Muscle fibers which have been brought into a relaxed state by ATP evidently resemble enzymatically dissociated actomyosin. In contrast to myosin, however, Mg is not an antagonist of Ca in extracted muscle fibers.
For the question how ions influence ATPase activity, it is significant that muscle fibers are softened not only by ATP, but also by inorganic pyrophosphate in very low concentrations (less than 0.1 rn~ per liter) and that this effect is strongly enhanced by Mg and antagonized by Ca (7) . Because the softening can be taken as an indication of a loosening up of the structure of the contractile protein, it appears likely that the primary effect of these ions is a change in the state of dissociation of actomyosin. The inhibition of ATPase activity by Mg and pyrophosphate and the enhancement by Ca, then, can be considered to be secondary to the effect of these ions on the state of dissociation of actomyosin; not necessarily its dissociation into actin and myosin, but perhaps the splitting of other bonds. Such an assumption helps to make the anomalous inhibition by Mg intelligible.
Mg and Ca seem to have essentially the same effects in normal muscle as in our preparations. The view that release of Ca ions initiates contraction has previously been advanced by Heilbrunn (16) . It is supported by the contracture induced by salt solutions containing a large excess of Ca ions and more directly, by microinjection experiments. Wiercinsky (17) found that injection of small amounts of a 2 m~ CaCI~ solution into isolated muscle fibers caused a strong contraction, whereas 0.08 ~ MgCl~ caused a slight relaxation. It appears probable, therefore, that Mg and Ca control energy release also in normal muscle.
SU' MMAR¥
Tension and P liberation were determined at the same time in glycerolextracted muscle fibers suspended in ATP solutions. In the relaxed state, produced by ATP in rather fresh preparations, P liberation was low, but somewhat higher than in normal resting muscle. On addition of small amounts of CaCI~ the fibers gave a strong contraction during which P liberation was on the average about 5 times higher than in the relaxed condition. In aged muscle fibers ATP always produced a strong contraction associated with a high ATPase activity which was not influenced by Ca. The P liberation during a sustained contraction was much smaller in extracted fibers than in normal muscle, but the former maintained tension much more economically than the latter, resembling smooth muscle in this respect. Also the removal of Mg caused a contraction associated with high ATPase activity. Mg, therefore, is inhibitory in relaxed fibers. In fibers activated by Ca or by aging, however, it caused enhancement. The effects of ions on ATPase activity of relaxed fibers are similar to those on myosin and dissociated actomyosin, whereas activated fibers resemble actomyosin at low salt concentration.
